An examination is made of the main analytical relationships for determining the thermophysical properties of polymer composites, recommended for engineering calculations of equipment for the production and processing of these materials.
In the most diverse areas of industry and in the home, thermoplastic composite materials (TPCs) are gradually replacing traditional materials: metals, wood, and polymers. Primarily this is due to the unique service properties of TPCs: their mechanical, thermophysical, electrical, magnetic, aesthetic, and other properties.
The development of new TPCs (including the use of articles and materials that are no longer fit for purpose and can be utilised as feedstock for TPC production) and also the creation and modernisation of equipment for their processing necessitates the availability of data or methods for determining certain properties of these materials, including their thermophysical properties. These properties acquire particular importance in the design of equipment for the production and processing of TPCs, namely with the aim of determining energy-efficient parameters of equipment and its operating schedules.
The thermophysical properties of materials include their thermal conductivity, specific heat, and thermal diffusivity, and more rarely the linear and volume coefficients of thermal expansion are added to these parameters [1] . Occasionally, instead of thermal diffusivity, density [2] or specific volume [3] is examined.
In the general case, the thermophysical properties of a TPC depend on its structure, the nature and parameters of its components, the nature of interaction of its components, and often also the prehistory both of the TPC itself and of its components, which are very difficult or even impossible fully to take into account in the analytical determination of these properties [4] [5] [6] [7] [8] . Normally, sources addressing this question [8] [9] [10] [11] are oriented more towards theoretical scientists and less towards practical project engineers and industrial workers, and therefore, in the present work, an attempt was made to derive relationships most acceptable from the viewpoint of engineering practice for determining the thermophysical properties of TPCs.
The thermal conductivity of polymers depends on their structure and physical state and changes little with increase in temperature.
Approximate values of thermal conductivity for some of the most widely used polymers are given in Table 1 [1, [12] [13] [14] .
The thermal conductivity of most polymers differs little (normally from 0.1 to 0.4 W/(m K)). However, because of other components, the thermal conductivity of TPCs can vary by tens of factors: from 0.023 W/(m K) for plastic foams to 18 W/(m K) for graphite-containing plastics.
The thermal conductivity of TPCs, depending on their content of filler in the form of spherical particles, is determined according to the relationship [1] :
where l TPC , l p , and l f are the thermal conductivities of the TPC, polymer matrix, and filler, and j f is the volume fraction of filler in the TPC.
The thermal conductivity of a TPC in which the spherical filler particles are isolated from one another and positioned at the nodes of a regular cubic lattice can be determined by means of the formula [11] :
where,
If, in formula (1), we confine ourselves to the first two terms, then we obtain the following formula:
If we confine ourselves to the first four terms, we obtain Rayleigh's formula:
If we confine ourselves to the first six terms, we obtain the Meredith-Tobias formula [11] :
Likewise, for a TPC with isolated inclusions, the following relationship can be proposed [8, 11] :
The thermal conductivity of a TPC with a disordered distribution of components can be determined by means of the relationship [9] :
where l i is the thermal conductivity of the ith component of the TPC.
More complex are instances of thermal conductivity for anisotropic TPCs, for example with an oriented filler. In this case, the thermal conductivity along the orientation of fibrous [1] or layered fillers [15] is calculated according to the rule of additivity:
across the orientation of fibres according to the relationship [1] :
and also across the orientation of long (l/d >> 1) fibres or layers of filler according to the formula [15] :
Provided that heat flux propagates at an angle γ (deg) to a normal drawn in the direction of arrangement of the filler layers, we can use the relationship [9, 11] :
where u = γ/90 is the degree of deviation of the direction of propagation of heat flux from a normal drawn in the direction of arrangement of the layers.
Relationship (2) can also be used for determining the thermal conductivity of TPCs with multidirectional filler layers. In this case, u is the proportion of filler layers whose direction coincides with the direction of heat flux propagation. The main shortcoming of relationship (2) is the indeterminacy of the limits of its application. Thus, if the thermal conductivity of one of the components is zero, then the thermal conductivity of the TPC is also zero, which contradicts experimental data [11] .
The thermal conductivity of gas-expanded TPCs (plastic foams), and also TPCs with disperse fillers of spherical form, can be determined by means of Maxwell's formula [15] :
Anisotropy of thermal conductivity is observed not only for certain TPCs but also for oriented amorphous polymers.
Here, the following relationship [16] is valid:
(where l ip is the thermal conductivity of an isotropic polymer, and λ op || and λ op ⊥ are the thermal conductivities of an oriented polymer along and across the direction of orientation) or the relationship [16] :
In this instance it is always the case that λ op || > l ip and λ op ⊥ < l ip [14] .
The specific heat is distinguished between that at constant pressure c p = (∂H/∂T) p and that at constant volume c v = (∂U/∂T) v , where H and U are the enthalpy and internal energy of the polymer respectively. These quantities are linked by the relationship [1, 16] :
where T is the temperature of the polymer, a and χ are the coefficients of volume expansion and isothermal compression of the polymer, and V is the volume.
Often, for calculations of the molar specific heat, use is made of the Nernst-Lindemann formula (J/(mol K)) [15] :
where A 0 = 0.0849 J/mol is a universal constant, and T m is the melting point of the polymer (K).
The difference between c p and c v normally becomes marked at temperatures above 250 K [16] .
If no structural changes occur in the polymer, then its mass specific heat increases with increase in temperature practically by a linear law. The specific heat of crystalline polymers (for example, low-density polyethylene (LDPE), high-density polyethylene (HDPE), polypropylene (PP), and polyamide (PA)) increases suddenly in the region of their melting points, while the specific heat of amorphous polymers (for example, polyvinyl chloride (PVC), polystyrene (PS), and polycarbonate (PC)) also increases in the region of their glass transition temperatures, but to a considerably lesser degree.
Approximate values of the mass specific heat for certain polymers are given in The mass specific heat of a TPC consisting of n components can be determined according to the rule of additivity [17] : The mass specific heat of a solid or liquid chemical compound can be determined by Kopp's law (kJ/(kg K)):
where n 1 , n 2 , …, n n are the number of atoms of the elements comprising the chemical compound, M is the molar mass of the compound (kg/kmol), and C 1 , C 2 , …, C n are the atomic specific heats ( Table 3) .
The thermal diffusivity is determined by the relation a = l/(c p ρ), where ρ is the density of the substance.
Approximate values of thermal diffusivity for certain polymers are presented in Table 4 [1, 12, 14] .
For glassy and crystalline polymers the thermal diffusivity increases monotonically with increase in temperature.
The thermal diffusivity of a TPC with a chaotic arrangement of components and also that of a layered TPC, provided that heat flux propagates across the layers, can be calculated by means of the relationship [4, 18] :
where a i is the thermal diffusivity of the ith component of the TPC.
Approximate values of density for certain polymers are presented in Table 5 [12, 14] .
The density of a TPC can be calculated approximately according to the rule of additivity of the volumes of its n components:
where ρ i is the density of the ith component of the TPC. For a binary TPC:
where x p and x f are the mass fractions of the polymer matrix and filler of the TPC, and ρ p and ρ f are the densities of the polymer matrix and filler.
The density of gas-expanded TPCs can also be determined according to the rule of additivity:
where ρ g is the density of the gas filler of the TPC.
The volume fraction of the filler of the TPC can be determined from its known mass fraction:
and for a bicomponent TPC [10] :
For the purpose of determining one of the main thermophysical properties of a TPC or its components (normally its thermal diffusivity or mass isobaric specific heat), it is also possible to use a relationship that links them to each other: a = l/(c p ρ).
The coefficients of thermal expansion (the volume coefficient a and the linear coefficient β) comprise the relative change in volume or linear size of a body when it is heated by 1 K (for isotropic bodies, a = 3β).
The approximate values of the linear coefficient of thermal expansion for certain polymers are given in Table 6 [12].
For polymers, the coefficients of thermal expansion (the volume coefficient a and the linear coefficient β) increase little with increase in temperature, while on transition from the glassy to the rubbery or viscoelastic state, the values of a and β increase considerably.
In the case of a filler in the form of spherical particles, the values of the linear coefficient of thermal expansion of the TPC can be calculated according to the rule of additivity [1] :
where β i is the linear coefficient of thermal expansion of the ith component of the TPC.
For lengthened and chaotically oriented filler particles, the values of the linear coefficient of thermal expansion of the TPC are normally calculated according to the rule of additivity of logarithms [1] :
The derived relationships for determining β TPC are valid only for degrees of filling that are lower than the critical degrees of filling with which filler particles come into contact with each other.
The linear coefficient of thermal expansion of porous TPCs is equal to the linear coefficient of thermal expansion of the polymer skeleton [19] .
It should be pointed out that the effective properties of multicomponent TPCs of granular nature can be determined by successive calculation of the effective properties of bicomponent systems. Here, only the volumes (volume fractions) of components are taken into account, and the relative size, form, and orientation of the particles are ignored [9, 19] .
For multicomponent systems with several matrices, it is suggested that such a procedure be used for calculating the effective thermal conductivity from their composition [20] on the basis of Dul'nev's equation [21] : (1) a multicomponent system (in particular a rubber mix) based on several matrices (rubbers) is regarded as a mechanical mixture consisting of composites based on one rubber and one filler; (2) for each of the indicated composites, its mass fraction in the total mixture is determined, and l TPC is calculated by Dul'nev's equation; (3) final calculation of l TPC of the rubber mix is carried out using Dul'nev's equation for a composition of i composites with the l TPC values determined by step (2) of the given procedure.
Dul'nev's equation in this case is used in the form [21] : 
